Traumatic brain injury (TBI) is a leading cause of mortality and disability. MicroRNAs (miRs) are small noncoding RNAs that negatively regulate gene expression at post-transcriptional level and may be key modulators of neuronal apoptosis, yet their role in secondary injury after TBI remains largely unexplored. Changes in miRs after controlled cortical impact (CCI) in mice were examined during the first 72 h using miR arrays and qPCR. One selected miR (711) was examined with regard to its regulation and relation to cell death; effects of miR-711 modulation were evaluated after CCI and using in vitro cell death models of primary cortical neurons. Levels of miR-711 were increased in the cortex early after TBI and in vitro models through rapid upregulation of miR-711 transcription (pri-miR-711) rather than catabolism. Increases coincided with downregulation of the pro-survival protein Akt, a predicted target of miR-711, with sequential activation of forkhead box O3 (FoxO3)a/glycogen synthase kinase 3 (GSK3)α/β, pro-apoptotic BH3-only molecules PUMA (Bcl2-binding component 3) and Bim (Bcl2-like 11 (apoptosis facilitator)), and mitochondrial release of cytochrome c and AIF. miR-711 and Akt (mRNA) co-immunoprecipitated with the RNA-induced silencing complex (RISC). A miR-711 hairpin inhibitor attenuated the apoptotic mechanisms and decreased neuronal death in an Aktdependent manner. Conversely, a miR-711 mimic enhanced neuronal apoptosis. Central administration of the miR-711 hairpin inhibitor after TBI increased Akt expression and attenuated apoptotic pathways. Treatment reduced cortical lesion volume, neuronal cell loss in cortex and hippocampus, and long-term neurological dysfunction. miR-711 changes contribute to neuronal cell death after TBI, in part by inhibiting Akt, and may serve as a novel therapeutic target.
MicroRNAs (miRs) are short (20-23 nucleotide) noncoding RNAs that negatively regulate gene expression at the posttranscriptional level by binding to the 3′-untranslated region (UTR) of target mRNAs, leading to their degradation and/or translational inhibition. 1 Although miRs have been implicated in the pathophysiology of central nervous system (CNS) disorders [2] [3] [4] and may modulate neuronal cell death pathways, 5 few have been directly evaluated at a mechanistic level in traumatic brain injury (TBI). 6, 7 TBI initiates regulated neuronal death mechanisms that significantly contribute to neuronal loss and neurological dysfunction. 8 Proteins of the Bcl2 family, which regulate neuronal death in response to many insults, include prosurvival proteins (e.g., Bcl2 and BclxL), as well as proapoptotic multi-domain (e.g., Bax and Bak), and BH3-only domain proteins (e.g., PUMA (Bcl2-binding component 3), Noxa, Bim (Bcl2-like 11 (apoptosis facilitator)) and Bid).
9 BH3-only proteins promote neuronal cell death by causing mitochondrial outer membrane permeabilization and the release of mitochondrial apoptogenic proteins such as cytochrome c and apoptosis inducing factor-1 (AIF-1). 10, 11 BH3-only proteins 12 have been implicated in neuronal cell death after CNS injury, including TBI. 13, 14 In contrast, Akt (protein kinase B) promotes neuronal survival by phosphorylating/inactivating pro-apoptotic proteins such as forkhead transcription factor FoxO3 and GSK3β that are important initiators of BH3-only protein expression. [15] [16] [17] Akt pathway inhibition leads to dephosphorylation/activation of FoxO3a and induction of its pro-apoptotic target genes including PUMA and Bim. 18, 19 The present study tested the hypothesis that TBI-induced changes of selected miRs can initiate cell death pathways that result in neuronal loss and neurological deficits. We show increased brain levels of miR-711 in the first 72 h after controlled cortical impact (CCI), a period associated with maximal secondary tissue injury. 8 Using neuronal cell death models in vitro and after TBI, we demonstrate that miR-711 acts through its proposed target Akt to activate FoxO3a/ GSK3β, resulting in upregulation of PUMA and Bim to induce neuronal cell death and neurological dysfunction.
Results miR-711 is upregulated in the injured cortex after TBI. We profiled miRs expression in the injured cortex of mice exposed to moderate-level CCI using miRNA array as described. 20 TBI significantly upregulated the level of miR-711 in brain (Figure 1a) . We also performed a detailed expression profiling of miR-711 in the injured cortex using qPCR, and observed a rapid upregulation of miR-711 starting as early as 1 h post-injury, peaking at 6 h and persisting through 72 h (Figure 1a ). miR-711 is upregulated in models of neuronal cell death. To explore the putative mechanisms of miR regulation of neuronal cell death we used several in vitro models including etoposide and staurosporine-induced apoptosis in cortical neurons. 21 miR-711 levels were determined by qPCR at different time points. Our data demonstrate significant miR-711 elevations early as 3 h after apoptosis induction in etoposide and staurosporine models (Figures 1b and c) . We observed similar patterns of miR-711 expression in C2-ceramide and camptothecin models of neuronal cell death (data not shown).
miR-711 promotes neuronal cell death and caspase-3 activation. We used miR mimics to examine the role of miR-711 in the regulation of neuronal cell death. Transfection with miR-711 mimics alone significantly increased neuronal cell death and caspase-3 activity in a dose-dependent manner (Figures 1d and f) . To test the hypothesis that miR-711 upregulation has a significant role in neuronal apoptosis rat cortical neurons (RCNs) were transfected with miR-711 hairpin inhibitor or negative control hairpin inhibitor followed by treatment with etoposide or staurosporine. We observed a significant and dose-dependent decrease in etoposide and/or staurosporine-induced neuronal cell death (lactate dehydrogenase (LDH) assay) and caspase-3 activity in RCNs transfected with miR-711 hairpin inhibitors (Figures 1d and g ).
miR-711 hairpin inhibitor attenuates molecular mechanisms of neuronal apoptosis. To test the ability of miR-711 hairpin inhibitor to attenuate apoptosis mechanisms, RCNs were transfected with miR-711 or negative control hairpin inhibitor before etoposide treatment. Western blot demonstrated that PUMA and Bim protein levels were significantly increased by etoposide treatment. In contrast, transfection of RCNs with miR-711 inhibitor downregulated the levels of both proteins (Figures 2a and c) . Subcellular fractionation revealed that miR-711 inhibitor reduced etoposide-induced release of AIF and cytochrome c into the cytosol (Figures 2a,d and e) . Western blot demonstrated that neurons transfected with miR-711 hairpin inhibitor displayed reduced levels of the cleaved fragment of caspase-3, cleaved poly-(ADP-ribose) polymerase (PARP), and attenuated the decrease of the full length uncleaved fragment of α-fodrin (240 kDa) after etoposide treatment (Figures 2a and f-h ). miR-711 hairpin inhibitor reduced the levels of both calpain-dependent (150/145 kDa) and caspase-dependent cleavage (150/120 kDa) 22 fragments of α-fodrin (Figures 2a, i and j) .
Akt is rapidly downregulated in the TBI cortex and in apoptotic neurons following etoposide treatment. We examined Akt expression in the injured cortex using qPCR, and observed rapid downregulation of Akt expression starting as early as 1 h post-injury (Figure 3a) . To explore mechanisms of neuronal cell death we used etoposideinduced model of apoptosis. qPCR demonstrated that expression of Akt was rapidly downregulated after etoposide treatment similar to our in vivo TBI data (Figure 3b ). miR-711 hairpin inhibitor rescued Akt expression after etoposide treatment. To investigate whether miR-711 regulates the Akt/FoxO pathway during neuronal cell death we measured the levels of these proteins in RCNs after etoposide treatment. Western blot showed that levels of Akt and active/phosphorylated Akt decreased after etoposide treatment (Figures 3c and f) relative to both loading control (general phosphorylation) and total Akt (specific phosphorylation). Transfection of RCNs with miR-711 hairpin inhibitors increased levels of both Akt and phosphorylated Akt after etoposide treatment. (Figures 3c and f) . The modest (compared with total Akt) decrease in specific Akt phosphorylation suggests that injury-induced modulation of Akt pathways may involve multiple mechanisms. However, the inhibition of Akt expression appears to be the dominant change modulated by miR-711. We observed upregulation of pro-apoptotic Fox03a in total lysates and in nuclear fraction after etoposide treatment (Figures 3c, g, h and j). The level of AIF-1 in the nuclear fraction was increased after etoposide treatment. Treatment with miR-711 inhibitor attenuated translocation of FoxO3a and AIF-1 into the nucleus (Figures 3h and j) .
Etoposide treatment increased levels of miR-711 and Akt within the RNA-induced silencing complex. One strand of the mature miRNA binds to argonaute (Ago) proteins to form the RNA-induced silencing complex (RISC). miR acts as a template for RISC to recognize and cleave complementary mRNA. miRNA : mRNA target pairs can be purified by the immunoprecipitation of the RISC components to confirm mRNA targets. We used RNA-interacting protein immunoprecipitation (RIP) with Ago2 antibodies to confirm the role of miR-711 in silencing Akt through RISC. RCNs were treated with etoposide, and cells were collected after 6 h (peak of etoposide-induced miR-711 expression) and subjected to the RIP using Ago2 antibodies. qPCR demonstrated significant and similar increases of miR-711 and Akt mRNA in the RISC complex following etoposide treatment (Figure 4a ). miR-711 targets 3′-UTRs of Akt mRNA. To test miR-711 regulation of Akt mRNA, we inserted the 3′-UTRs of mouse Akt 3′ of the firefly luciferase gene into pmirGLO plasmid (pmir-Akt). pmirGLO and pmir-Akt were co-transfected with either negative control or miR-711 mimics into RCN. Twentyfour hours after transfection miR-711, but not negative control miR mimic, reduced luciferase activity in cells transfected with pmir-Akt (Figure 4e ). These data demonstrate that miR-711 targets the 3′-UTR of Akt mRNA and inhibits expression of Akt.
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Akt inhibition blocked the neuroprotective effects of the miR-711 hairpin inhibitor. To demonstrate the importance of Akt-modulation for the miR-711-dependent induction of apoptosis we used suboptimal doses of Akt inhibitors, which do not induce or enhance etoposide-induced cell death themselves but rather become effective when cell survival is solely dependent on the Akt pathway. We hypothesize that such conditions occur when miR-711 inhibitors release Akt from inhibitory influence, whereas other etoposide-induced apoptotic pathways are unaffected. We used a direct Akt inhibitor as well as Wortmannin (inhibitor of PI3-K) to confirm a critical role for Akt in miR-711-dependent regulation of neuronal apoptosis. Neuronal death following etoposide treatment (LDH assay) was attenuated by miR-711 hairpin inhibitor (Figures 1d and 4c) , and there was no significant increase of neuronal cell death in cells treated with etoposide in combination with Akt inhibitor or Wortmannin (Figure 4b ). However, both the Akt inhibitor and Wortmannin significantly decreased phosphorylation of Akt and its downstream targets GSK3α/β ( Figure 4d ) and increased etoposide-induced neuronal cell death in RCNs that were transfected with miR-711 hairpin inhibitor compared with cells that received miR-711 inhibitor alone (Figure 4c ). miR-711 is rapidly regulated at the transcription stage. To determine whether regulation at the level of transcription or catabolism (degradation of mature miR-711) is responsible for the rapid upregulation of miR-711 during neuronal cell death we used the transcription inhibitor α-amanitin (α-Am). RCNs were treated with α-Am (final concentration 10 μg/ml), and levels of primary miRNA-711 (pri-mir-711) and mature miR-711 were measured at 1, 3 and 6 h time points by qPCR. α-Am treatment inhibited miR-711 transcription allowing evaluation of the rapid processing of pri-mir-711 (maturation into miR-711) and catabolism of mature miR-711 (degradation; Figure 4f ). Etoposide treatment upregulated miR-711 transcription by rapidly increasing levels of pri-mir-711 (a marker of miR transcriptional activity), indicating that increased transcription has an important role in etoposideinduced miR-711 induction (Figure 4g ). We examined whether changes in the miR-711 catabolism rate (decrease) have a role in the etoposide-induced miR-711 upregulation. miR-711 was induced by etoposide treatment and 2 h later RCNs were treated with α-Am to inhibit pri-mir-711 transcription. The rate of decline of pri-mir-711 and miR-711 followed a similar kinetics (Figure 4h ) with that observed in α-Amtreated cells (Figure 4f ). These data suggest that maturation and catabolism of miR-711 is not changed during etoposideinduced neuronal cell death.
Central administration of miR-711 hairpin inhibitor after TBI increased the level of Akt and phosphorylation of its targets in the injured cortex. We administered 0.5 nmol of miR-711 hairpin inhibitor or negative control miR hairpin inhibitor by intracerebroventricular (i.c.v.) injection at 15 min after CCI and examined the expression of Akt, phosphorylated Akt, GSK3 and phosphorylated GSK3 at 24 h postinjury by western blot. TBI significantly decreased Akt, general phosphorylated Akt and specifically phosphorylated Akt, and markedly downregulated phosphorylation of Akt substrates GSK3α/β (Figures 5a and b) . Our findings suggest that the injury-induced regulation of GSK3 is principally at the level of Akt-dependent phosphorylation and not at the expression level. Treatment of TBI mice with a miR-711 hairpin inhibitor significantly upregulated Akt, phosphorylated Akt, GSK3 and phosphorylated GSK3 (Figures 5a and b) .
Central administration of miR-711 hairpin inhibitor decreased markers of apoptosis after TBI. Next, we examined the effect of miR-711 inhibitor on apoptosis mechanisms after TBI. TBI resulted in increased levels of pro-apoptotic proteins PUMA and two isoforms of Bim large (L) and small (S), which are regulators of apoptosis upstream of mitochondrial release of AIF-1 and cytochrome c (Figures 5a and c) . The Bim EL isoform band was undetectable. Treatment with the miR-711 hairpin inhibitor significantly decreased PUMA and Bim after TBI (Figures 5a  and c) . qPCR data demonstrated that TBI upregulated tribbles pseudokinase 3 (Trib3) expression (Figure 5d) .
We examined the levels of key pro-apoptotic proteins, such as apoptotic protease activating factor 1 (APAF1), AIF-1, cytochrome c and FoxO3a. Neither TBI nor central administration of miR-711 hairpin inhibitor changed the levels of APAF1, cytochrome c and AIF-1 in whole cell lysates after TBI (data not shown), which is consistent with our previous results. 20 Western blot revealed that TBI induced the release of cytochrome c and AIF-1 from mitochondria to the cytoplasm, and AIF-1 translocation to nucleus (Figures 6a and b) . Treatment with miR-711 hairpin inhibitor significantly reduced TBI-induced release of AIF-1 and cytochrome c into the cytosol and the level of AIF-1 in the nucleus (Figures 6a and b) . TBI-induced translocation of FoxO3a in the nucleus was attenuated by miR-711 hairpin inhibitor ( Figure 6b) . Furthermore, the TBI-induced increased α-fodrin cleavage (150/145 kDa fragments) was significantly Figure 1 miR-711 is rapidly upregulated in the TBI cortex and in in vitro models of neuronal cell death. (a) Gene array data for miR-711 levels in the TBI cortex through 72 h post-injury. Data are presented as fold change compared with uninjured controls. One-way ANOVA, the P-values, which were corrected for multiple comparisons, indicate overall significance (N = 3). qPCR data for miR-711 confirm the expression pattern after TBI. One-way ANOVA followed by multiple pairwise comparisons using Student-Newman-Keuls post hoc test (one-way ANOVA, SNK post hoc analysis); **Po0.01; ***Po0.001 versus naive control (N = 5). miR-711 is rapidly upregulated in neurons exposed to cell death inducers etoposide (b) and staurosporine (c). qPCR quantification of miR-711 expressions in RCNs treated with etoposide (b) or staurosporine (c) at the times indicated. One-way ANOVA, SNK post hoc analysis; *Po0.05; ***Po0.001 versus control (N = 6). miR-711 promoted neuronal apoptosis and caspase-3 activation. Neurons were transfected with miR-711 mimics, miR-711 hairpin inhibitors or miR negative control hairpin inhibitor (Con), and were treated with etoposide at 4 h post-transfection. Twenty-four hours later LDH release (d) and caspase-3-like activity (f) were measured. Neurons were transfected with miR-711 hairpin inhibitors or miR negative control hairpin inhibitor (Con) and were treated with staurosporine at 4 h post-transfection. Twenty-four hours later LDH release (e) and caspase-3-like activity (g) were measured. Data are expressed as percentage of control untreated neurons (mean ± S.E.M.). One-way ANOVA, SNK post hoc analysis; *Po0.05; **Po0.01; ***Po0.001 versus mock untreated RCN; Figure 6c ). However, we did not observe differences between the groups in the level of 240 and 120 kDa fragments in this study, which may reflect different patterns of protease activation in the TBI brain as compared with RCNs.
Treatment with miR-711 hairpin inhibitor ameliorated TBI-induced deficits in motor and cognitive functions.
To assess long-term motor function recovery after TBI miR-711 hairpin inhibitor-treated TBI and negative control miR-treated TBI mice were tested on the beam walk task immediately before sham surgery or CCI and on days 1, 3, 7, 14, 21 and 28 post-injury. Repeated measures one-way ANOVA showed a significant effect of treatment (F(12,182) = 14.33, Po0.0001), and Student-Newman-Keuls post hoc analysis demonstrated significant differences between the Figure 2 miR-711 hairpin inhibitor attenuates molecular mechanisms of neuronal apoptosis. Neurons were transfected with miR-711 hairpin inhibitors and miR hairpin inhibitors negative control ( − ve Con) and 4 h later treated with etoposide as described above. Twenty-four hours later whole cell lysates and cytosolic fractions (for the levels of AIF-1 and cytochrome C) were fractioned on SDS-polyacrylamide gel and immunoblotted with antibodies against PUMA, Bim, AIF-1, cytochrome C, cleaved PARP, cleaved caspase-3 and α-fodrin (a). Protein levels of PUMA (b), Bim (c), cleaved PARP (f), cleaved caspase-3 (g), and α-fodrin (240 kDa (h), 150/145 kDa (i), 120 kDa (j)) were quantified in whole cell lysates. Levels of AIF-1 (d) and cytochrome C (e) were quantified in cytosolic fraction. Protein levels were quantified by densitometry, normalized to β-actin and presented as fold change compared with control untreated levels. Data represent the mean ± S.E.M. One-way ANOVA, SNK post hoc analysis; ***Po0.001 versus mock untreated; ++ Po0.01; Figure 7b ). miR-711 hairpin inhibitor-treated TBI mice showed significantly increased spontaneous alternation (70.9 ± 3.4%) compared with negative control miR inhibitor-treated TBI group (Po0.05). Next, retention memory was assessed by the NOR test on days 22 and 23 post-injury. Sham mice spent more time than chance (10 s) with the novel object 1 day after training (choice phase), indicating intact memory (Figure 7c ). Negative control miR inhibitor-treated TBI mice spent less time with the novel object (Po0.01 versus sham), but significantly greater time than chance (Figure 7c ). Notably, miR-711 hairpin inhibitor-treated TBI mice returned toward sham-injured control levels and were significantly different from the negative control miR inhibitor-treated TBI group (Po0.05).
Treatment with miR-711 hairpin inhibitor significantly reduced chronic neurodegeneration after TBI. At 28 days post-injury TBI-induced lesion volume was quantified using stereological methods in cresyl violet-stained coronal brain sections from miR-711 hairpin inhibitor-treated and negative control miR inhibitor-treated TBI mice. Treatment with miR-711 hairpin inhibitor significantly reduced the lesion volume compared with the negative control miR inhibitor TBI group (Figures 8a and b; P = 0.005; negative control miR inhibitor = 7.34 ± 0.56 mm 3 and miR-711 hairpin inhibitor = 4.91 ± 0.35 mm 3 , mean ± S.E.M.). TBI-induced neuronal loss was also quantified by stereology. Treatment with miR-711 hairpin inhibitor significantly reduced TBI-induced neuronal loss in the cortex and hippocampus (CA2/3 and dentate gyrus subregions; Figures 8c, e and f; Po0.05).
Discussion miR binding is mediated by argonaute proteins within the RISC; depending upon the degree of sequence complementarity, this results in either cleavage of the target mRNA or a reduction in its translational efficiency. 23 Each miR has many potential targets, thus acting as 'meta-controllers' of brain gene expression. 24, 25 We hypothesize that alteration of selected miRs during the early period after TBI may serve to modulate neuronal cell death pathways. We show that miR-711 is rapidly increased in the injured cortex after TBI, as well as in several neuronal cell death models in vitro.
Etoposide (DNA-damaging agent) and staurosporine (protein kinase inhibitor) induce caspase-dependent and caspase-independent neuronal apoptosis through release of cytochrome c and AIF from mitochondria into the cytosol, respectively. 13 Upregulation of miR-711 may be necessary for etoposide and staurosporine-induced neuronal apoptosis, as there is increased survival following administration of miR-711 hairpin inhibitors. miR-711 appears to be sufficient for neuronal cell death, as indicated by decreased survival in neurons treated with miR-711 mimics. Administration of miR-711 hairpin inhibitors attenuated etoposide-induced neuronal apoptosis-resulting in reductions in PUMA, Bim and mitochondria permeabilization, as well as decreased markers of caspase-dependent (caspase-3, PARP and α-fodrin cleavage) 22 and -independent (AIF nuclear translocation) 11 cell death. The specificity of these actions is demonstrated by the lack of effects of miR-711 hairpin inhibitors on other pro-apoptotic Bcl2 family members such as Noxa, Bid or Bax (data not shown).
We demonstrated that downregulation of the miR-23a/27a cluster contributes to neuronal cell death in vitro and in vivo by upregulating the pro-apoptotic Bcl2 family molecules PUMA, Noxa and Bax. 20 Although Bcl2 family molecules are not among miR-711-predicted targets, Akt is such a target. 26 Akt (protein kinase B) can attenuate neuronal apoptosis through phosphorylation and inhibition of caspases, pro-apoptotic Bcl2 family molecules and selected transcription factors (FoxO3a). 23 Akt phosphorylates and inactivates the members of the forkhead box, class O transcription factors; conversely, Akt inactivation results in FoxO3a dephosphorylation, translocation to the nucleus and transcription of pro-apoptotic proteins such as Bim and PUMA. 16 A self-amplifying feedforward loop exists between Akt dephosphorylation/inactivation and FoxO dephosphorylation/activation and involves Trib3, a FoxO-induced molecule that interferes with Akt phosphorylation, thus leading to progressive FoxO activation and neuronal death. 17 In the etoposide-induced apoptosis model, Akt was rapidly decreased (at both mRNA and protein levels). Importantly, we detected increased levels of miR-711 and Akt mRNA in the RISC complex. That this occurred when the cellular Akt levels are low may reflect increased miR-dependent processing of Akt. As miR-711 hairpin inhibitors attenuated Akt downregulation and FoxO3a nuclear translocation, miR-711-dependent inhibition of the Akt may have a key role in the initiation of neuronal apoptosis. This is supported by the observation that inhibitors of the Akt pathway reverse the neuroprotective effect of miR-711 inhibition. Studies have shown that the rate of pri-miRs processing (maturation) is relatively constant while the rate of mature miRs catabolism varies with rapid turnover observed with certain neuronal miRs. 27 Our data show that miR-711 has a fast catabolism rate in RCN and cell injury has no significant impact on the decay rate. Thus, the increased miR-711 levels may reflect a rapid upregulation of miR-711 transcription, as supported by high pri-miRNA levels after etoposide treatment. The study of the mechanisms of miR-711 transcription-either along with its host gene (collagen, type VII, alpha 1) or independently [28] [29] [30] is a goal for future investigation.
The importance of miR-711 changes for TBI-induced activation of neuronal cell death pathways was demonstrated by the significant neuroprotection provided by a miR-711 hairpin inhibitor when administered centrally after CCI. This intervention attenuated TBI-dependent activation of PUMA
and Bim, as well as inhibiting downstream molecular mechanisms of neuronal apoptosis in the injured cortex. The latter included reduced mitochondrial release of cytochrome c (cytosol) and AIF-1 (cytosol and nuclear translocation) after TBI, and inhibition of α-fodrin cleavage. In addition, miR-711 hairpin inhibitor treatment reduced cortical lesion volume and neuronal cell loss in the cortex and hippocampus (CA2/3 and dentate gyrus), limiting cognitive functional deficits. The miR-711 inhibitor only modestly improved the motor function at a single intermediary time point. Whether optimization enhances this effect remains to be determined.
Reported changes in Akt levels after experimental TBI have been inconsistent. Two studies demonstrated rapidly decreased Akt levels, 31, 32 whereas another showed increased levels of total and phosphorylated Akt. 33 Differences in injury type and tissue sampling may in part explain these varied results. Nonetheless, endogenous activation of Akt in specific areas (neurons) may represent a neuroprotective response to injury. 34 Interventions targeting post-traumatic Akt inactivation can improve functional and histological outcomes after TBI. 35 In contrast, Akt inhibition can exacerbate TBI neuropathology. 36 Our study shows that Akt is downregulated at both mRNA and protein levels in the injured cortex after TBI. The reduction in Akt phosphorylation is proportional to the reduction in total Akt, suggesting that changes in expression may have a preeminent role; this contrasts with the reported findings in another model, where phosphorylation appeared to be the primary factor. 32 Inhibition of miR-711 partially restored the levels of total and phosphorylated/active Akt, as well as reducing FoxO3a translocation to the nucleus and Trib3 expression.
GSK3β has a pro-apoptotic role in several models of neuronal cell death: inhibition of GSK3β promotes neuronal survival, whereas overexpression causes neuronal apoptosis. 15 Active GSK3β induces PUMA expression by modulating FoxO3a activity, and Akt-dependent phosphorylation on Ser9 is a key mechanism that inactivates GSK3β. 15 Administration of miR-771 hairpin inhibitor increased the levels of phosphorylated/inactive GSK3β after TBI.
Changes in miR-711 have been reported after tissue injury or inflammation. Redell et al. 3 suggested from miR arrays that miR-711 is rapidly upregulated in the hippocampus after brain trauma; however, quantitative PCR failed to confirm these findings and no functional analysis was performed. In microglia, changes in miR-711 may cause microglial activation. 37 Outside of the CNS, other projected targets of miR-711 have been implicated in mediating its actions. These include HSP-70 and the transcription factor SP1, both of which are known to have neuroprotective effects. 21, [38] [39] [40] Future studies should therefore examine the relationship of miR-711 with changes in HSP-70, SP1 and microglial activation after TBI. Although some differences in outcome have been reported following TBI in males and females, 41 we used only male mice in this study to avoid the disrupting influence of reproductive cycle and hormone fluctuation.
Overall, our data demonstrate the importance of TBIinduced miR-711 upregulation in the induction of posttraumatic neuronal cell death, which may be in part mediated through its inhibition of Akt pathways. Consistent with this view of Akt as a key neuroprotective mechanism after CNS injury, others have shown that miR-21, which targets the Akt inhibitor PTEN, is neuroprotective after TBI. 42, 43 Although the upregulation of miR-711 occurs rapidly after TBI, it persists for several days suggesting that the therapeutic window for intervention may be significant.
Materials and Methods
Animals. Studies were performed using young adult (3 months old, 22-26 g) male C57Bl/6 mice. All surgical procedures complied with the Guide for the Care and Use of Laboratory Animals published by NIH (DHEW publication NIH 85-23-2985).
Controlled cortical impact.
CCI is an experimental model of TBI. 44 Our custom-designed CCI device 45 consists of a microprocessor-controlled pneumatic impactor with a 3.5-mm diameter tip. The 8-to 10-week-old C57Bl/6 male mice were anesthetized with isoflurane evaporated in a gas mixture containing 70% N 2 O and 30% O 2 and administered through a nose mask (induction at 4% and maintenance at 2%). Moderate-level injury was induced using an impactor velocity of 6 m/s and deformation depth of 2 mm as previously described. 46 After injury, the incision was closed, anesthesia terminated and the animal placed into a heated cage to maintain normal core temperature for 45 min post-injury. Sham-injured animals underwent anesthesia and surgical procedures but without cortical impact. In this study we only used male C57Bl/6 mice to avoid the disrupting influence of reproductive cycle and hormone fluctuation in female mice on cell death mechanisms. References to TBI in regard to this work refers only to this CCI model. Cell cultures. RCNs were derived from rat embryonic cortices as previously described. 47 Neurons were maintained in serum-free conditions using the B27 supplement. Transfection of RCN was performed at 6 days in vitro. RCN were transfected with miR mimics and hairpin inhibitors using the Lipofectamine RNAiMAX Transfection Reagent (Invitrogen, Life Technologies, Carlsbad, CA, USA) according to the manufacturer's protocol. On the basis of preliminary titration experiments, we chose a final concentration of 50 nM for the miR mimics, hairpin inhibitors and their negative controls. This concentration resulted in optimal transfection efficiency (~50%), was devoid of nonspecific changes in non-targeted miRs and had no neurotoxic effects. 20 Moreover, the chosen concentration was Cell death, cell viability and in-plate fluorometric caspase-3 assays. Cell death, cell viability and in-plate fluorometric caspase-3 activity were measured using the LDH, Calcein AM and DEVD-AMC assays, respectively, as previously described. 48 Each individual treatment/time point reflects six replicates for all assays performed in RCNs cultured in 96-well plates.
RNA-interacting protein immunoprecipitation using AGO2-specific antibodies. Ago2 immunoprecipitation was performed as previously described. 49 Briefly, RCNs were suspended in 500 μl of lysis buffer (150 mM KCl, 25 mM Tris-HCl (pH 7.4), 5 mM EDTA, 0.5% NP-40, 5 mM DTT, and protease inhibitor and phosphatase inhibitor (2, 3) cocktails (Sigma-Aldrich, St. Louis, MO, USA) at 4°C for 20 min and the cell lysates were separated by centrifugation at 12,000 × g for 20 min at 4°C. A volume of 50 μl of protein A/G UltraLink Resin (Thermo Scientific, Waltham, MA, USA) and 20 μl of Argonaute 2 (Ago2) antibody (Cell Signaling, Danvers, MA, USA) were added to 400 μl of cell lysate (in a final 1 ml mixture filled with lysis buffer) and the mixture was rotated for 4 h at 4°C. The beads were washed three times with 1 ml lysis buffer to remove nonspecific binding. RNAs bound on the beads were extracted by miRNeasy Kit (Qiagen, Valencia, CA, USA). miR and gene expression was analyzed by qPCR (as described below).
Construction of reporter plasmids and luciferase assays. To produce reporter plasmids containing 3′-UTRs of mouse Akt sequences were PCR amplified, digested, gel purified, ligated and cloned into pmirGLO vector (Promega, Madison, WI, USA) digested with XbaI and SalI restriction enzymes. The following primers were used to amplify 3′-UTR of mouse Akt; 3′-UTR forward primer 5′-tg TCTAGACCACGCTCCTCTGCATT-3′, reverse primer 5′-tgGTCGACGCTCTCC TGTCACCAAGATT-3′. XbaI site was added on 5′ end of forward primers, and SalI site was added to 5′ end of reverse primers for cloning into pmirGLO vector XbaI, SalI-digested vector (XbaI and SalI sites are marked bold). RCNs was cultured in 96-well plates and transfected as described above. All assays were performed at 24 h after transfection with the dual luciferase assay (Promega) on BioTek Synergy Ht Microplate Reader (BioTek, Winooski, VT, USA). Firefly luciferase activity was normalized to Renilla luciferase activity. Experiments were performed in triplicate.
RNA isolation. Total RNA was isolated using miRNeasy Kit (Qiagen). During the process of isolation, samples were treated with RNase-free DNase (Qiagen) to digest DNA contamination of the samples according to the manufacturer's protocol.
miRNA arrays and data analysis. A unit of 100 ng of total RNA was used for miRs' expression profiling using Affymetrix GeneChip miRNA 2.0 Arrays (Affymetrix, Santa Clara, CA, USA). Briefly, total RNA from cells was extracted as described above. Double-stranded cDNA was prepared from RNA and used as the template for in vitro transcription to prepare biotinylated cRNA. The target was fragmented and hybridized to probes using standard Affymetrix protocols. Expression values were computed using normalization function RMA 50 from Bioconductor's affy 51 package. Only values annotated as mouse probes (Mmu) were further considered. Expression values for the data set were fitted to a linear model in order to determine differentially expressed miRNAs between different time points. Comparisons were made between the naive control group (time 0 h) and each of the TBI groups (1, 6, 24 and 72 h post-injury; n = 3 arrays per group/time). Those miRNAs showing an adjusted P-value (false discovery rate lower than 0.05) for any of these comparisons were determined to be differentially expressed and selected for further analysis.
qPCR. Verso cDNA Kit (Thermo Scientific) was used to synthesize cDNA from purified total RNA as described previously. 20 Quantitative real-time PCR amplification was performed by using cDNA TaqMan Universal Master Mix II (Applied Biosystems, Grand Island, NY, USA). TaqMan Gene Expression assays for following mouse genes were performed: GAPDH (Mm99999915_g1) and Trib3 (Mm00454879_m1) (Applied Biosystems). Reactions were amplified and quantified using a 7900HT Fast Real-Time PCR System and the corresponding software (Applied Biosystems). Gene expression was normalized to GAPDH, and the relative quantity of mRNAs was calculated based on the comparative Ct method. 52 miR reverse transcription. Quantitative real-time PCR was used to measure the expression of primary miRNA-711 (pri-mir-711) and mature miR-711. A unit of 10 ng of total RNA was reverse transcribed using TaqMan miRNA Reverse Transcription Kit (Applied Biosystems) with miRNA-specific primers. Reverse transcription reaction products (1.5 μl) were used for qPCR as described above. TaqMan Gene Expression assays for following miRs were used: mmu-miR-711 (001646); rno-miR-711 (241136_mat); rno-mir-711 (Rn04229705_pri); U6 snRNA (001973) and snoRNA202 (001232) (Applied Biosystems). Cell lysates preparation and western blot. Whole-cell extracts and western blot were prepared/performed as previously described. 53 Chemiluminescence was captured on a Kodak Image Station 4000R station (Carestream Health, Rochester, NY, USA), and protein bands were quantified by densitometric analysis using Carestream Molecular Imaging Software. The data presented reflect the intensity of the target protein band compared with the control and were normalized based on the intensity of the endogenous control for each sample (expressed in arbitrary units).
Antibodies. The following antibodies were used in this study. Histone H2A.X (ab11175; Abcam); AIF (sc-13116), Apaf-1 (sc-65890), cytochrome c (sc-13560) and Bim (sc-11425; Santa Cruz Biotechnology, Dallas, TX, USA); Cleaved Caspase-3 (#9661), Cleaved PARP (#9545); Phospho-GSK3α/β (Ser21/9) (#9331), FoxO3a (75D8) (#2497), Akt (pan) (11E7) (#4685), Phospho-Akt (Ser473) (#4060), α-tubulin (11H10), porin (D73D12) and GSK3α/β (D75D3; Cell Signaling Technology, Inc.); GAPDH (ADI-CSA-335) and α-fodrin (BML-FG6090; Enzo Life Sciences, Inc.); PUMA (#3041; ProSci Incorporated, Poway, CA, USA); and β-actin (A1978; Sigma). Subcellular fractionation. Subcellular fractionation was performed as described 53 with some modifications. RCN were harvested and washed in icecold phosphate-buffered saline. Cell suspension was centrifuged at 500 g for 15 min at 4°C. Cell pellet was resuspended for 10 min on ice in the digitonin lysis buffer (20 mM HEPES, pH 7.4, 80 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 250 mM Beam walk test. Chronic motor function was evaluated using a beam walking task, 45 a method that is particularly good at discriminating fine motor coordination deficits. The test was performed at 0 (immediately before CCI), 1, 3, 7, 14 and 28 days after injury.
Novel object recognition test. Novel object recognition (NOR) was used to evaluate non-spatial hippocampal-mediated memory on days 22 and 23 post-injury as previously described. 56 Y-maze spontaneous alternation test. The Y-maze measures the willingness of rodents to explore new environments and assesses spatial working memory. Rodents typically prefer to investigate a new arm of the maze rather than returning to one that was visited previously. The Y-maze test was performed on day 14 post-injury as previously described. 35 Lesion volume assessment. Sections were stained with cresyl violet (FD NeuroTechnologies, Columbia, MD, USA), dehydrated and mounted for analysis. Lesion volume was quantified based on the Cavalieri method 57 of unbiased stereology using Stereologer 2000 program software (Systems Planning and Analysis, Alexandria, VA, USA). The lesion volume was quantified by outlining the missing tissue on the injured hemisphere using the Cavalieri estimator with a grid spacing of 0.1 mm. From 96 total 60-μm sections, every eighth section was analyzed beginning from a random start point. Central administration of miR-711 hairpin inhibitor improves spatial memory using the Y-maze spontaneous alternation test. Sham-injured mice showed intact spatial working memory function because they all performed significantly better than the 50% chance level (N = 6). The − ve Con miR inhibitor CCI group (***Po0.001; N = 11) showed significantly reduced percentages of spontaneous alternation, whereas the miR-711 hairpin inhibitor CCI group ( # Po0.05; N = 12) had a significantly increased percentage of spontaneous alternation compared with the − ve Con miR inhibitor CCI group. One-way ANOVA, SNK post hoc test. (c) Central administration of miR-711 hairpin inhibitor improves retention memory using the novel object recognition test. All groups spent equal time with the two identical objects during the sample phase on day 22 postinjury (dashed line at 10 s). Twenty-four hours after the sample phase, the time spent with the novel and familiar objects during the choice phase was recorded. The miR-711 hairpin inhibitor CCI group spent significantly more time with the novel object when compared with the − ve Con miR inhibitor CCI group ( # Po0.05). Significant differences were also observed between the sham and − ve Con miR inhibitor CCI group (**Po0.01). One-way ANOVA, SNC post hoc test, N = 6-12 miR-711 activates neuronal apoptosis B Sabirzhanov et al 
